Non-dispersive atomic fluorescence spectrometry (NDAFS) coupled with vapor generation (VG) sample introduction was applied to the determination of the concentrations of hazardous heavy metals, such as arsenic, cadmium, lead and mercury, in seawater, soils and total airborne particulate matter (PM) collected around the Xiamen area in China. Almost 100% sample introduction efficiency was achieved by using thiourea and ascorbic acid for the pre-reduction of As V to As III , K3Fe(CN)6 and tartaric acid for pre-oxidation of Pb II to Pb IV , and masking the interferences arising from the coexisting transition metals to As, Cd, Hg and Pb during their vapor generation process. Moreover, a novel sample pretreatment device was developed to avoid the loss of mercury, lead, cadmium and arsenic during sample pretreatment. With such methods, the detection limit (DL) of arsenic, cadmium, lead and mercury was down to 0.08, 0.03, 0.05, 0.01 ng mL -1 (3σ), respectively. The relative standard deviations (RSD, n = 11) for arsenic, cadmium, lead and mercury at 10 ng mL -1 were 0.9%, 1.6%, 1.3% and 2.0%, respectively. The concentrations of hazardous heavy metals in the environmental samples collected in Xiamen, China are in the range from 0.02 ± 0.001 ng mL -1 in seawater to 15.3 ± 0.2 µg g -1 in soils. Besides flame/GF-AAS and ICP-AES/MS, VG-NDAFS should be another choice for the determination of hazardous heavy metals in environmental samples.
Introduction
The toxicity of hazardous heavy metals, such as arsenic, cadmium, lead and mercury, has been well recognized for a long time. Along with the widespread application of hazardous heavy metals in various fields of our life, they have been inherently emitted into the environments around us. Since the potential risk and environmental damage of them have been well documented in many publications, they have often been considered to be a so-called "Chemical Time Bomb". 1 In order to prevent and remediate our environment from the pollution of hazardous heavy metals, information about the concentrations of hazardous heavy metals in the environment is absolutely necessary. Even with the very good performance of atomic absorption spectrometry (AAS), [2] [3] [4] [5] inductively coupled plasma atomic emission spectrometry (ICP-AES) 6 and mass spectrometry (ICP-MS) [7] [8] [9] [10] [11] as well as high-performance liquid chromatography (HPLC) [12] [13] [14] for the determination of hazardous heavy metals in environmental samples, the interferences arising from matrices and spectra are still inevitable, and sometimes very serious. Conventional quadrupole ICP-MS has a low detection limit (DL), and spectral interferences are greatly reduced because m/z signals are detected, but interferences from polyatomic ion species still exist, especially for 75 As + from the interference of 40 Ar 35 Cl + ; moreover, because the quadrupole surface in the mass analyzer is usually modified by gold, it is not strongly recommended to be used when Hg is contained in the samples due to the formation of a gold amalgam. Atomic fluorescence spectrometry (AFS) [15] [16] [17] coupled with vapor generation (VG) of arsenic 18 and lead, 18 mercury 19 and cadmium, 20, 21 which has been proved to be a high-efficiency sample introduction technique, 22 provides a promising ability in the determination of hazardous heavy metals. The DLs of the non-dispersive AFS coupled VG technique for the determination of As, Cd, Pb and Hg is comparable to those of GF-AAS and ICP-MS. A comparison of such DLs is listed in Table 1 .
Because of the simplicity of the atomic fluorescence spectrum and short wavelength of the resonance fluorescence lines of As, Cd, Pb and Hg (< 300 nm), the light dispersive system was omitted when instrumentation was done, and a photomultiplier tube (PMT), which only responds to the light shorter than 350 nm, was equipped in this study. Such a simple non-dispersive atomic fluorescence spectrometer (NDAFS), in which hollowcathode lamps (HCLs) were used as the exciting sources and the Ar-H2 flame as an atomizer, coupled with an intermittent flow vapor generation sample introduction was developed and applied to the determination of trace As, Cd, Pb and Hg in environmental samples, such as seawater, soils and total PMs collected from the Xiamen area in China. In addtion, a novel improvement of a sample pretreatment device was also made to avoid the losses of As, Cd, Pb and Hg during sample digestion.
Experimental

Reagents
An arsenic stock solution of 1.00 mg mL -1 was prepared by dissolving 1.3203 g of As2O3 (purity ≥ 99.99%; Sigma) in 25 mL of 20% (w/v) KOH solution, and diluting with 20% (v/v) H2SO4 to 1000 mL. Stock solutions of cadmium and lead were prepared by respectively dissolving 1.0000 g of cadmium and lead (purity ≥ 99.99%; Shanghai Chemicals, China) in 10 mL of HNO3 (1:1, v/v), and diluting with Milli-Q water so as to give a concentration of 1.00 mg mL -1 . A mercury stock solution of 1.00 mg mL -1 was prepared by dissolving 1.6631 g of Hg(NO3)2 (purity ≥ 99.99%; Shanghai Chemicals) in 20 mL of HNO3 (1:3, v/v), and diluting with water to 1000 mL. Potassium tetrahydroborate (KBH4; Shanghai Chemicals) in a 0.5% (w/v) NaOH solution was daily prepared and filtered through a 0.45 µm membrane filter before use. The glassware and plastic bottles were soaked in 10% (v/v) nitric acid overnight, rinsed with water and dried before use. Milli-Q water (Millipore, Bedford MA, USA) was used throughout this study, and all other chemicals used were of analytical reagent grade, unless otherwise stated.
Instrumentation
A double-channel intermittent-flow vapor-generation nondispersive atomic fluorescence spectrometer (VG-NDAFS) (AFS2202a; Beijing Vital Instrument Co., China) was used, in which coded hollow cathode lamps (HCL; Beijing Institute of Vacuum Electronics Research, China) of As (193.7 nm), Cd (228.8 nm), Pb (283.3 nm) and Hg (253.7 nm) were used as excitation-light sources, and a photomultiplier tube (PMT; Hamamatsu, Japan) only responding to light shorter than 350 nm was equipped. No light-dispersion device was used in this system. A schematic diagram and the experimental conditions of VG-NDAFS are shown in Fig. 1 and Table 2 .
Sample collection and pretreatment
Soil samples were collected from urban area of Xiamen at a depth of approximately 30 cm. The soil samples were dried at 105˚C, grounded to pass through a 200 mesh sieve and transferred to polyethylene bottles. The apparatus used for the digestion of soil samples is shown in Fig. 2 . Appropriate amounts of soil samples were taken in a 100-mL flask containing an appropriate amount of aqua regia at room temperature over night to allow slow oxidation of the organic matter in the soil samples, and then heated slowly to keep the condensation zone lower than 1/3 of the height of the condenser for 2 h (Fig. 2) . Finally, the residual solutions in the flask and in the absorption tube (15 mL of 0.5 mol L -1 HNO3) were combined together, filtered and transferred to a 100-mL volumetric flask for further determination.
The airborne particulate matters (PMs) were collected at a flow rate of 120 L min -1 for 24 h using a high-volume sampler. Half of the membrane filter was put into a double-layer Teflon digestion bomb, which contained 0.5 -2 mL of high purity concentrated HNO3 in the outer layer. After 4 h of digestion at 140˚C, the residue in the inner vessel was diluted with 2% (v/v) HNO3, filtered with 0.45 µm membrane filter, and finally diluted to 10 mL for VG-NDAFS determination. The blank of the membrane filter was also determined at the same time.
Seawater was colleted and filtered with a 0.45 µm membrane filter. Then, 5.0 mL of seawater was added into a 10 mL volumetric flask containing 2 mL of 5% thiourea, 2 mL of 5% ascorbic acid and 0.2 mL of HCl, diluted to 10 mL with Milli-Q water for the determination of arsenic. In the determination of cadmium and lead, 2 mL of concentrated HNO3 was added into 20.0 mL of seawater, and then the solution was heated slowly to almost dryness, and finally diluted to 10 mL with 2% (v/v) HCl.
In the determination of mercury, 0.2 mL of HCl and 2 mL of 0.1 mol L -1 KBr-KBrO3 were added to 5.0 mL of seawater for the decomposition of organic mercury, and then 0.2 mL of 30% (w/v) NH2OH·HCl was added to react with the extra bromine. Finally, the residual solution was diluted to 10 mL with Milli-Q water.
Results and Discussion
Vapor generation of hazardous heavy metals Potassium tetrahydroborate was used as a reductant for generating volatile species of hazardous heavy metals in this study. During the process of volatile species generation, both the acidity and the amount of KBH4 were very important for the efficiency of volatile species generation.
The optimum experimental conditions are listed in Table 2 . It was found that the acidity in the medium for lead vapor generation should be controlled at pH 8 -9, besides the addition of 2% K3Fe(CN)6 for oxidizing Pb II to Pb IV , where 0.5% tartaric acid was used as a masking reagent for eliminating any interference from coexisting transitional metal ions, such as Fe 3+ , Co
2+
, Ni 2+ and Cu 2+ . When As, Cd and Hg were determined, 5% thiourea and 5% ascorbic acid were used for similar purposes.
Performance of VG-NDAFS
Argon was used not only as the carrier gas for introducing the generated volatile species of the analytes into the atomizer, but also as a shielding gas of the pure Ar-H2 flame to get rid of any interference from air, in which H2 was generated from the vapor generation reaction, and then no additional H2 supply was needed. Under the optimum conditions given in Table 2 , the detection limit (DL) (3σ) was 0.08 ng mL -1 for As, 0.03 ng mL -1 for Cd, 0.05 ng mL -1 for Pb and 0.01 ng mL -1 for Hg, respectively. The relative standard deviation (RSD) at 10 ng mL -1 each for As, Cd, Pb and Hg was 0.9, 1.6, 1.3 and 2%, respectively. Such a good performance of VG-NDAFS is comparable to those of GF-AAS and conventional quadrupole ICP-MS, besides the advantages of less spectral interference.
Sample analysis
During digestion of the soil samples in the sample digestion apparatus, shown in Fig. 2 , most of the analytes were cooled by recycling water and returned to the flask. However, since some volatile species were carried out of the condenser, an absorption trap with 0.5 mol L -1 HNO3 was used to suppress the losses of analytes, especially for mercury, during the digestion of soil samples. The analytical results for As, Cd, Pb and Hg in certified reference material GSD-8 (CRM, Ministry of Geology, China), the soils, airborne particulates and seawater are listed in Table 3 . The analytical values for As, Cd, Pb and Hg in GSD-8 were in good agreement with the certified values, and the recoveries of analytes were in the range from 88.7 to 105%. The concentrations of hazardous heavy metals in Xiamen area were from 0.02 ± 0.001 ng mL -1 in seawater to 15.3 ± 0.2 µg g -1 in soils. They were much lower than the regulated values for "suitable to live" according to National Environment Quality Standard for Soils GB15618-1995, National Ambient Air Quality Standard GB3095-1996 and National Sea Water Quality GB3097-1997 of China. Xiamen is an island with few heavy industries. With the help of sea breeze and seawater, the city has the ability to "self-clean". The results for hazardous heavy metals in the environmental samples obtained by VG-NDAFS support that there is little pollution caused by hazardous heavy metals in the Xiamen area.
Conclusion
Compared to the expensive working cost and complex instrumentation systems of GF-AAS and ICP-MS, it was found from the present research that VG-NDAFS could be another powerful tool for the determination of arsenic, cadmium, lead and mercury in the environment. 
